Transition metal hexacyanoferrates (MHCFs) are one type of inorganic polymers and have been widely used in electrochemistry to electrocatalyze the oxidation of dopamine, 1 ascorbic acid, 2 hydroquinone, 2 NADH, 3 glutathione, 4,5 cysteine, 5 H2O2 6 and the reduction of Fe 3+ , 7 CO2, 8 H2O2.
, 7 CO2, 8 H2O2.
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When combined with glucose oxidase, MHCF modified electrodes can also be applied as biosensors for glucose. [12] [13] [14] Hybrid metal hexacyanoferrates (M1M2HCFs) refer to those hexacyanoferrates in which the nitrogen atom in the cyano moiety coordinates to two different metal ions: M1 and M2. It can be regarded that a part of the lattice sites, which should be occupied by M1 in the absence of M2, are substituted by M2 when M2 also exists in the preparation solution. Although several papers on M1M2HCFs have been reported, [15] [16] [17] the number of papers about M1M2HCFs was far fewer than the number about single component MHCF. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] To our best knowledge, no paper on electrocatalytical properties of M1M2HCF-modified electrodes has been published.
In our recent papers, [18] [19] [20] hybrid copper-cobalt hexacyanoferrate (CuCoHCF) films were electrodeposited on a substrate electrode and characterized by electrochemistry, XRD, ICP-AES and XPS. The results indicated that CuCoHCF was a substitution-type hybrid hexacyanoferrate in which the cyano moiety with its C atom coordinating to Fe(II), and N atom coordinating to Cu(II) or Co(II), formed the edge of a cubic lattice. Fe(II) occupied a part of the lattice sites and the remaining lattice sites were taken by Cu(II) and Co(II). Electrochemistry showed that CuCoHCF had excellent electrochemical reversibility and stability over a wide pH range of 4 -10. Comparative voltammetric studies showed different electrochemical properties from that of single component CoHCF and CuHCF. CuCoHCF film-modified electrode exhibited obvious electrocatalysis for both reduction and oxidation of hydrogen peroxide and the oxidation of NO2 -.
Hydroxylamine, a derivative of ammonium, is known as a kind of reducing agent widely used in industry and pharmacy. It is one of the intermediate products of nitrogen-cycle and plays an important role in life science. For example, hydroxylamine is a well-known mutagen, which induces highly specific mutations with the nucleic acid cytosine, and is a moderately toxic substance that has been known to cause both reversible and irreversible physiological changes associated with methemoglobinemia. 21, 22 Moreover, some hydroxylamine derivatives also constitute a great part of anticancer drugs. 23 Many methods have been developed for the determination of hydroxylamine because of its toxicity, biological functions and broad industrial utilizations. Kolasa has reviewed traditional methods. 24 More recently, electrochemical detection (ECD), 25, 26 spectrophotometric, 27 chromatographic 28,29 methods and some combinations of them such as HPLC-ECD, 30 CE (capillary electrophoresis)-ECD 31 have been successfully applied to the determination of hydroxylamine.
In this paper, CuCoHCF film-modified glassy carbon electrode (CuCoHCF/GCE) was used as an electrochemical sensor for hydroxylamine based on the electrocatalytic oxidation, some parameters influencing the performances of CuCoHCF/GCE in the determination of hydroxylamine were also discussed.
Experimental

Chemicals and reagents
Hydroxylamine hydrocloride was obtained from Beijing Chemical Plant and was used without further purification. All other chemicals were of analytical grade and were used as received from Shanghai Reagents Company (China). Doublydistilled water was used to prepare all solutions. Buffer solutions used in this paper were prepared by mixing proper volumes of the respective stock solutions according to the method in Ref. 32 . All other solutions were prepared just before use and degassed with high purity nitrogen for at least 15 min.
Apparatus
Electrochemical experiments were performed on a CHI 832 electrochemical analyzer (ChenHua Instruments Co., Shanghai, China) coupled to a PII personal computer for data acquiring and processing. A three-electrode system was used which included a GCE (φ 1.5 mm) as working electrode, a platinum wire auxiliary electrode and a saturated calomel reference electrode (SCE), to which all potentials in this paper are referred. An electromagnetic stirrer with a stirring bar (300 rpm) was used to provide the convection transport in electrodeposition processes. Spectrophotometric determination was carried out on a UV-2100 spectrophotometer (Shimadzu, Japan) with a 1 cm path length quartz cell according to the procedure described previously. 33 All experiments were carried out at 25 ± 1˚C.
Preparation of CuCoHCF/GCE
Before modification, GCE was polished with 6 µm, 1 µm, and 0.05 µm α-alumina slurries successively on a polishing pad, then washed with water and sonicated for 5 min in doublydistilled water. CuCoHCF films were electrodeposited with cyclic voltammetry from 0.0 V to +1.0 V at 50 mV s -1 from a fresh solution mixture containing 0.25 M KNO3, 1.25 × 10 -4 M CuSO4, 1.25 × 10 -4 M Co(NO3)2 and 2.5 × 10 -4 M K3Fe(CN)6. After 40 cycles, GCE was taken out and rinsed thoroughly with water. After being conditioned in 0.25 M KNO3 for 12 h, CuCoHCF/GCE was ready for use. Figure 1 shows the cyclic voltammogram during the electrodeposition process. The steadily increasing currents both for anodic and cathodic peaks indicate that CuCoHCF films are deposited continuously on the electrode surface.
Results and Discussion
Electrochemical characteristics of CuCoHCF/GCE
A typical cyclic voltammetric (CV) response of CuCoHCF/GCE is shown in Fig. 2A (1). Here, we can find two couples of unsymmetrical peaks whose Em (Em = (Epa + Epc)/2) values are 470 mV and 690 mV, respectively. These Em values are close to the two peak couples at 480 mV and 645 mV observed in CoHCF, 34 , the difference between couple I and II is the number of potassium ions paired to each iron center. For couple I the number is 1, and for couple II is 2. 18 The formal potential of Fe II /Fe III in MHCF is determined by many factors, such as the kind of transition metal ion which coordinates to N atom, the number and kind of countercations situated in the cavity of the cubic lattice, etc. Of course, in CuCoHCF, substitution of Cu(II) for Co(II) on the lattice sites shifts the peak potential of couple I and II from that of the two couples in CoHCF, but the CV pattern of CuCoHCF somewhat resembles that of CoHCF. In fact, in a recent report, 18 our ICP-AES result has demonstrated that the relative content of Co(II) to Cu(II) is 0.79:0.21 in CuCoHCF films deposited as described above.
The overwhelming content of Co(II) may determine that the electrochemical properties of CuCoHCF are more similar to those of CoHCF than to those of CuHCF.
Electrocatalytic oxidation of NH2OH on CuCoHCF/GCE
Shown in Figs. 2A and B are the CV responses of CuCoHCF/GCE and of bare GCE in the presence of increasing concentrations of NH2OH. From Fig. 2B we can find that direct oxidation of NH2OH occurs at about 1.0 V on the bare electrode. On the other hand, after background subtraction, the anodic currents at 0.54 V are found to increase in the presence of NH2OH.
Moreover, the anodic response current of hydroxylamine is about eight times larger at CuCoHCF/GCE than that at GCE. Decrease of oxidation overpotential and enhancement of oxidation current both clearly indicate that CuCoHCF films can electrocatalyze the oxidation of NH2OH. When NH2OH is added successively, the anodic peak current of couple I increases noticeably, as shown in curves (2) and (3) of Fig. 2A . After a careful look at Fig. 2A , we may find that couple I shows obvious electrocatalytic activity towards the oxidation of hydroxylamine while couple II does not. Chen 25 has reported that both redox couples of CoHCF exhibited electrocatalytic activity to hydroxylamine. The difference in electrocatalytic activity of CoHCF and CuCoHCF and that of couple I and II for CuCoHCF itself can be ascribed to the different chemical environment of iron centers in each case.
Electrocatalytic oxidation mechanism
It is known that the electrochemical oxidation of 544 ANALYTICAL SCIENCES MAY 2002, VOL. 18 hydroxylamine is a very complex process and that the oxidation products depend on the nature of the medium, the pH value and the material of the electrode.
To examine the electrochemical oxidation product of hydroxylamine in the present case, the bulk electrolysis of hydroxylamine 26 was carried out at a large glassy carbon plate (3 cm 2 ) modified with CuCoHCF films. During the electrolysis, some bubbles were observed on the electrode surface. The experiment results indicated that one mole of hydroxylamine consumes about 0.95 mole of electrons. From Figs. 2A (2) and (3) we can also find that the peak width at half maximum (PWHM) of peak Ia is about 86 mV, which is close to the theoretical value of 90.6 mV for mono-electron process. From these results, we conclude that N2 should be the main product. So the whole electrochemical reaction can be proposed to proceed via an EC mechanism. First, reduced CuCoHCF(II) donates an electron to the glassy carbon substrate and is converted to CuCoHCF(III).
Then CuCoHCF(III) converts the hydroxylamine molecules diffusing to the vicinity of CuCoHCF films to nitrogen gas.
Net reaction: 2NH2OH -2e -→ N2 + 2H2O + 2H +
The change of catalytic peak current with sweep rate reveals a linear relationship of I and ν 1/2 in the range of 5 mV/s to 100 mV/s, as shown in Fig. 3 , which conforms to a typical diffusioncontrolled behavior and indicates that Eq. (2) is the ratedetermining step in the whole electrochemical reaction process.
Optimization of experimental variables for electrocatalytic oxidations
To optimize the performances of CuCoHCF/GCE for the electrocatalytic oxidation of hydroxylamine, we investigated the parameters influencing the electrocatalytic efficiency of CuCoHCF/GCE, including the chemical composition and the thickness of CuCoHCF films, kind of supporting electrolytes and their pH values.
As mentioned above, the electrocatalytic activity of MHCF is directly dependent on the chemical environment of iron ions. In CuCoHCF, the relative content of Cu(II) and Co(II) exerts an impact on the chemical environment of an iron center and thus on the catalytic efficiency of CuCoHCF.
To investigate the dependence of electrocatalysis efficiency on the chemical composition of the films, a series of CuCoHCF films were electrodeposited from solutions containing various concentration ratios of Cu 2+ to Co 2+ , while the total concentration of Cu 2+ and Co 2+ was kept at 2.5 × 10 -4 M and other conditions were unchanged. Figure 4 shows the relationship between anodic response current of 1.0 × 10 -4 M hydroxylamine and the composition of deposition solutions. Optimum response is obtained at CuCoHCF films deposited from solution containing equal concentration of Cu 2+ and Co
2+
. Moreover, we can find a higher response at CuCoHCF films than that obtained at CuHCF and CoHCF films.
By altering the scan number (n) in the electrodeposition process, CuCoHCF films of different thicknesses were obtained. In Fig. 5 is shown the response current of 1.0 × 10 -4 M NH2OH at CuCoHCF films deposited with various scan numbers. It is found that a plateau is obtained when n is above 40, below which the response current grows with the increasing n. So 40 was chosen as the optimum scan number in the electrodeposition process. Although the increasing n will result in a greater electrode surface area on which electrochemical reactions occur, too thick CuCoHCF films may provide a greater barrier for electron transfer from hydroxylamine molecules to platinum substrate. If we take this into account, 545 ANALYTICAL SCIENCES MAY 2002, VOL. 18 the plateau obtained when n is above 40 can be easily understood. Table 1 lists the catalytic oxidation current of 1.0 × 10 -4 M hydroxylamine in several buffer solutions of pH 7.0, from these results we can find that the optimum response is obtained in 0.1 M K2HPO4-KH2PO4 (PBS). Detailed experiments show that increasing the concentration of PBS has no visible enhancement effect on the response current. Moreover, the peak potential of Ia and IIa and thus the oxidation potential of hydroxylamine will shift positively accordingly, which will bring about a greater possibility for the easily oxidized substances to interfere with the detection of hydroxylamine.
The effect of pH on the catalytic current of 1.0 × 10 -4 M hydroxylamine is shown in Fig. 6 . In the whole pH range investigated, the response current constantly increases with the increasing pH. The reason is that oxidation of hydroxylamine is generally more facile in alkaline medium than in acidic medium, 37 which can be concluded from the fact that the standard electrode potential for redox couple of NH2OH/N2 in alkaline medium (-3.04 V vs. NHE) is much more negative than that in acidic medium (-1.87 V vs. NHE). 37 However, a glance at Fig. 6 reminds us of the fact that the increase rate of response current with pH is greater in acidic solution than that in alkaline medium. Moreover, we find in the experiments that the background response grows sharply when pH >7, so 0.1 M PBS of pH 7.0 is chosen as the optimum electrolyte.
Performance of hydroxylamine sensor
Under optimum deposition and characterization conditions, the feasibility of using CuCoHCF/GCE to the determination of NH2OH was investigated. The anodic catalytic peak current exhibits a linear dependence on NH2OH concentration in the range of 1.8 × 10 -3 M to 4.6 × 10 -6 M with a detection limit of 2.1 × 10 -7 M. To check the recovery and reproducibility of CuCoHCF/GCE for the determination of NH2OH, a known amount of NH2OH was added to 0.1 M PBS of pH 7.0 and determined both electrochemically and spectrophotometrically. Table 2 shows that good agreement between two methods is obtained. 
Conclusions
The first oxidation wave at 0.54 V of the glassy carbon electrode modified by hybrid copper-cobalt hexacyanoferrate films has strong electrocatalytic activity towards the oxidation of hydroxylamine. Based on this property, the modified electrode can be used as a sensitive electrochemical sensor for hydroxylamine. Such a sensor exhibits a linear response in the concentration range of 1.8 × 10 -3 M to 4.6 × 10 -6 M with a detection limit of 2.1 × 10 -7 M. Usage of the sensor is simple, safe and no complex sample pretreatments are needed. Moreover, the sensor has good recovery, stability and antiinterference ability, which makes it suitable for physiological study. Scan rate: 10 mV s 
